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ABSTRACT 


Thermographic  phosphor  heat-transfer  tests  were  made  on  two 
models  (0.  5- scale  and  0.  25- scale)  of  the  High  Altitude  Supersonic 
Target  (HAST)  missile  at  Mach  number  4  and  a  Reynolds  number, 
based  on  model  length,  of  21  x  10^.  Angle  of  attack  was  varied  from  0 
to  12  deg;  effects  of  canard  settings  of  0  and  15  deg  for  the  0.  25- scale 
model  and  0,  5,  10,  and  15  deg  for  the  0.  5- scale  model  were  examined. 
Comparisons  of  results  by  heat-transfer  gages,  thermographic  phos¬ 
phor,  and  surface  thermocouple  heat- transfer  measurement  techniques 
are  presented.  Color  photographs  showing  heat-transfer-rate  contours 
measured  by  the  thermographic  phosphor  technique  are  included. 
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SECTION  I 
INTRODUCTION 


The  purpose  of  this  investigation  was  to  obtain  aerodynamic  heating 
distributions  on  the  High  Altitude  Supersonic  Target  (HAST)  configura¬ 
tion  being  developed  for  the  Air  Force  Armament  Test  Laboratory 
(AFATL),  Eglin  Air  Force  Base,  Florida.  The  Air  Force  Flight  Dynam¬ 
ics  Laboratory  (AFFDL),  Wright-Patterson  Air  Force  Base,  Ohio, 
planned  the  test  program  for  AFATL.  Of  particular  interest  in  the  pro¬ 
gram  was  the  interference  heating  generated  by  antennae  domes,  pitot 
probes,  and  launch  pins. 

The  tests  were  conducted  in  the  von  Karman  Gas  Dynamics  Facility 
(VKF)  40- inch  Supersonic  Wind  Tunnel  (A)  at  Mach  number  4  and  a 
model  length  Reynolds  number  of  about  21  x  10®.  Two  models  were 
used  in  the  test  program  -  a  0.  25- scale  model  of  the  complete  configu¬ 
ration  and  a  0.  5- scale  model  of  the  front  half  of  the  configuration.  The 
0.  25- scale  model  was  tested  at  angles  of  attack  from  -8  to  12  deg,  with 
canard  deflection  angles  of  0  and  15  deg;  the  0.  5- scale  model  was  tested 
for  angles  of  attack  from  0  to  12  deg,  with  canard  deflection  angles  of 
0,  5,  10,  and  15  deg.  Force  tests  done  at  AEDC  with  the  HAST  configu¬ 
ration  (sans  antennae,  launch  pins,  etc.  )  have  been  reported  in  Refs. 

1  and  2. 

The  current  tests  involved  the  use  of  thermographic  phosphors  - 
a  relatively  new  heat-transfer  testing  technique,  along  with  Gardon- 
gage-type,  direct  heat-transfer-rate  measurements.  Previous  tests 
using  this  technique  are  reported  in  Refs.  3,  4,  and  5. 


SECTION  II 
APPARATUS 


2.1  MODELS 

The  two  test  models  were  a  0.  25- scale  model  of  the  complete  con¬ 
figuration  (Fig.  1,  Appendix  I)  and  a  0.  5- scale  model  of  the  front  half 
of  the  configuration  (Fig.  2).  Both  models  were  50  in.  long,  and  diam¬ 
eters  for  the  0.  25-  and  0.  5- scale  models,  respectively,  were  3.  25  and 
6.  50  in.  Model  details,  including  instrumentation  locations,  are  shown 
in  Figs.  3  and  4. 
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The  models  were  constructed  from  Material  G®,  a  proprietary 
unfilled  epoxy,  by  Grumman  Aerospace  Corporation.  This  material 
was  used  because  of  its  low  thermal  conductivity,  which  was  needed 
for  the. proper  degree  of  temperature  sensitivity.  The  epoxy  was  mold¬ 
ed  around  a  2.  25- in.  -diam  steel  tube  with  a  1.  63- in.  ID  that  functioned 
as  the  model  mounting  sting.  Each  model  has  25  AEDC/VKF- supplied 
Gardon-type  heat-transfer  gages  (Figs.  3  and  4  and  Ref.  6),  and,  about 
0.  125  in.  ahead  of  each  gage  location,  a  Chromel- Alumel®  surface  ther¬ 
mocouple  was  molded  into  the  model.  The  0.  5- scale  model  had  four 
surface  pressure  orifices  located  in  the  symmetrical-plane  opposite  the 
nonfunctioning  pitot  probe  (Fig.  4a).  Each  model  had  a  Material  G  and 
a  metal  set  of  canards.  As  anticipated,  the  Material  G  canards  failed 
under  aerodynamic  loads  during  high-angle- of- attack  testing  and  had  to 
be  replaced  with  the  metal  canards. 

Model  configuration  variables  were  limited  to  canard  deflections  of 
0  and  15  deg  for  the  0.  25- scale  model  and  0,  5,  10,  and  15  deg  (posi¬ 
tive  is  trailing  edge  down)  for  the  0.  5- scale  configuration.  Grit  rough¬ 
ness  (see  Table  I,  Appendix  II,  for  sizes)  was  applied  on  the  nose  of 
each  model  and  on  the  right  wing  upper  and  lower  leading  edges  of  the 
0.  25- scale  model  to  ensure  a  turbulent  boundary  layer  on  these  sur¬ 
faces. 


2.2  WIND  TUNNEL 

Tunnel  A  is  a  continuous,  closed-circuit,  variable  density  wind 
tunnel  with  an  automatically  driven  flexible-plate-type  nozzle  and  a  40- 
by  40- in.  test  section.  The  tunnel  can  be  operated  at  Mach  numbers 
from  1.  5  to  6  at  maximum  stagnation  pressures  from  29  to  200  psia, 
respectively,  and  stagnation  temperatures  up  to  750°R  (M^  =  6).  Mini¬ 
mum  stagnation  pressures  range  from  about  one- tenth  to  one- twentieth 
of  the  maximum  pressure  at  each  Mach  number. 

The  models  can  be  injected  into  the  tunnel  for  a  test  run  and  then 
retracted  for  model  cooling  or  modifications  without  interrupting  the 
tunnel  flow.  A  description  of  the  tunnel  and  airflow  calibration  infor¬ 
mation  may  be  found  in  Ref.  7. 
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2.3  INSTRUMENTATION 

2.3.1  Thermographic  Phosphor  Paint 

Thermographic  phosphorescence  is  the  emission  of  luminescent 
light  having  temperature-dependent  intensity  that  decreases  exponen¬ 
tially  with  increasing  temperature.  The  paint  phosphorescence  is  acti¬ 
vated  by  ultraviolet  (UV)  light,  and  the  intensity  of  emission  depends  on 
the  properties  of  the  particular  phosphorescent  paint  and  the  energy  of 
the  activating  ultraviolet  light,  as  well  as  the  temperature.  A  plot  of 
the  emission  brightness  for  the  phosphor  used  in  this  test  is  given  in 
Fig.  5  as  a  function  of  phosphor  temperature;  the  intensity  of  the  ultra¬ 
violet  lights  for  this  was  nominally  two  ultraviolet  light  units  (200  fj. w/ 
cm^). 

The  technique  for  obtaining  the  model  surface  heating  patterns  at 
the  desired  test  conditions  consists  of  photographing  the  painted  model 
surface  and  measuring  the  optical  density  (brightness)  of  the  recorded 
image.  The  measured  density  is  related  to  the  model  surface  tempera¬ 
ture,  which  can  be  related  to  the  surface  aerodynamic  heat-transfer 
coefficient. 

A  simple  method  of  determining  this  proportionality  is  to  measure 
the  surface  temperature  and  heat-transfer  rate  at  several  model  loca¬ 
tions  at  the  same  time  the  paint  pictures  are  being  made.  These  meas¬ 
urements  are  used  to  establish  reference  heat-transfer  coefficients  for 
the  paint  data,  from  which  it  is  possible  to  deduce  the  detailed  heating 
distribution  over  the  model.  The  instrumentation  used  for  the  surface 
temperature  and  heat-transfer  measurements  is  discussed  in  the  fol¬ 
lowing  sections.  A  more  complete  discussion  of  the  phosphorescent 
paint  techniques  is  reported  in  Ref.  3. 

The  model  phosphorescence  photographs  were  obtained  using 
Beattie- Coleman  Varitron®  70-mm  sequence  cameras  set  at  f/5.  6  and 
0.5-sec  exposure,  and  Eastman  Kodak  Tri-X  Pan®  film,  developed 
using  the  Eastman  Kodak  Versamat®  process. 

2.3.2  Heat-Transfer  Gages  and  Surface  Thermocouples 

The  surface  heat- transfer  rates  at  several  locations  on  the  models 
(see  Section  2.  1)  were  measured  with  a  high  sensitivity  gage  that  oper¬ 
ates  on  the  Gardon  gage  principle  (Ref.  6)  but  has  an  order  of  magni¬ 
tude  higher  sensitivity.  This  gage  was  developed  at  AEDC/VKF  for  use 
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in  continuous  wind  tunnels.  The  gages  were  installed  in  the  model  sur¬ 
face,  as  shown  schematically  in  Fig.  6.  Most  of  the  gages  were  nomi¬ 
nally  0.  25- in.  OD  by  0.  38  in.  deep;  however,  some  0.  187-in.  -OD 
gages  were  used  to  accommodate  greater  model  curvature  near  the 
0.  25- scale  model  nose.  Gage  location,  size,  and  sensing  foil  thick¬ 
ness  are  indicated  on  the  model  sketches  in  Figs.  3  and  4. 

The  gage  aerodynamic  heat-transfer  rate  was  determined  by  the 
expression 


q  =  C-  E(t) 

where  q  is  the  time- dependent  heat-transfer  rate,  C  is  the  gage  scale 
factor,  and  E{t)  is  the  measured  voltage  as  a  function  of  time.  The 
scale  factor,  C,  was  determined  by  experimental  calibration  using  a 
radiant  heat  source.  Calibration  was  obtained  by  exposing  one  or  more 
test  transducers  and  heat- transfer  standards  to  the  same  incident  heat 
flux  and  measuring  the  output  from  each  simultaneously.  The  heat- 
transfer  standards  have  been  checked  by  two  independent  organizations 
and  found  to  agree  within  ±4  percent.  Accuracy  of  the  test  calibrations 
is  estimated  to  be  within  ±5  percent,  and  gage  repeatability  and  linear¬ 
ity  are  estimated  to  have  been  within  ±3  percent. 

Internal  to  each  heat  gage,  a  copper- constantan  thermocouple  was 
installed  to  monitor  the  gage  edge  temperature.  The  temperature  indi¬ 
cated  from  this  thermocouple  was  used  with  the  measured  heat-transfer 
rate  to  compute  the  aerodynamic  heat-transfer  coefficient  at  the  gage 
location. 

The  surface  thermocouples  were  molded  into  the  model  at  fabrica¬ 
tion  (see  Fig.  6)  and  were  made  of  #30  gage  Chromel-Alumel  wire. 
Accuracy  of  the  thermocouple  measurements  is  estimated  to  be  ±2°R 
or  ±0.  5  percent  of  the  measurement,  whichever  is  greater. 

2.3.3  Pressure 

The  four  surface  pressures  on  the  0.  5- scale  model  were  measured 
with  15-psid  precision  pressure  balance-type  transducers.  The  associ¬ 
ated  servoamplifiers  may  be  calibrated  to  provide  full-scale  output  for 
ranges  of  15,  5,  and  1  psid,  using  expanded  sensitivity  for  the  5-  and 
1-psid  ranges.  The  transducers  were  fixed  on  the  5-psid  range  for  this 
test.  Based  on  repeat  calibrations,  the  estimated  precision  was  ±0.02 
psi. 
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SECTION  III 
PROCEDURE 


3.1  TEST  CONDITIONS  AND  PROCEDURE 

3.1.1  Test  Conditions 

The  configuration  variables  examined  in  this  test  program  were 
canard  deflection  angle  for  both  models  and  the  turbine  pump  inlet  con¬ 
figuration  on  the  0.  25- scale  model,  plugged  or  unplugged.  The  table 
in  Appendix  II  contains  a  complete  list  of  the  model  test  attitudes  and 
conditions  for  both  configurations.  A  summary  of  the  tunnel  operating 
conditions  is  presented  as  follows: 

P0»  Psia  T0,  °R  Pa,  slugs/ft3  V„,  ft/sec  Re^  x  10‘6 
4.03  73  660  2.52  xlO'4  2460  20.7 

3.1.2  Test  Procedure 

In  order  to  provide  the  best  possible  reflective  coating  for  the 
phosphor  emission,  the  models  were  painted  white  before  the  phosphors 
were  applied.  They  were  then  sprayed  with  the  phosphor  mixture  under 
ultraviolet  light  to  obtain  a  thin,  uniform  coat. 

Because  of  possible  nonuniformities  in  either  the  phosphor  coating 
or  the  incident  ultraviolet  light  (for  example,  shadows  caused  by  model 
geometry),  pretest  pictures  of  both  models  were  obtained  in  the  test 
section  under  the  same  conditions  (but  without  the  tunnel  running)  that 
existed  for  the  test  pictures.  By  subtracting  the  measured  optical  den¬ 
sity  of  the  pretest  picture  from  the  test  picture,  the  influence  of  these 
nonuniformities  was  eliminated  from  the  final  results. 

The  test  sequence  consisted  of  injecting  the  model,  translating  it 
forward  to  the  test  section,  and  taking  at  least  three  photographs  of  the 
model  at  3- sec  intervals.  The  model  remained  in  this  position  about 
12  sec,  and  total  elapsed  time  from  initial  model  exposure  to  the  flow 
to  beginning  of  retraction  was  about  26  sec.  The  model  was  cooled  to 
about  75  to  80°F,  the  gage- edge  temperature  and  the  model  surface 
temperature  being  monitored  during  the  cooling  cycle  to  ensure  a  uni¬ 
form  temperature  distribution  before  a  subsequent  test  injection. 
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The  outputs  from  the  heat- rate  gages/  gage- edge  temperature 
thermocouples,  and  surface  thermocouples  (and  the  four  surface  pres¬ 
sures  on  the  0.  5- scale  model)  were  recorded  continuously  from  before 
the  model  injection  until  the  beginning  of  the  retract  cycle.  The  record¬ 
ings  were  made  on  magnetic  tape  with  a  Beckman  210  analog- to- digital 
converter,  each  channel  being  sampled  every  0.  05  sec  during  the  record¬ 
ing  interval.  Indicate  bits  were  put  on  the  recording  to  mark  the  time 
sequence  of  events  such  as  model  arrival  on  centerline,  model  arrival 
in  test  section,  and  time  during  which  photographs  were  being  taken. 
Because  the  exposure  time  for  the  pictures  was  0.  5  sec,  the  average  of 
the  nominally  ten  readings  recorded  for  each  channel  during  that  inter¬ 
val  was  used  in  the  data  reduction. 

Because  of  the  large  model  size,  two  cameras  were  required  to 
photograph  the  complete  model  (one  for  the  front  half  and  the  other  for 
the  rear).  A  total  of  four  cameras  was  used  (two  on  the  tunnel  operating 
side  and  two  on  the  nonoperating  side)  so  that  photographs  were  obtained 
of  either  the  model  top  and  bottom  views  or  both  side  views  simultaneous¬ 
ly.  The  top  and  bottom  or  both  side  views  were  selected  by  changing 
the  model  roll  about  the  tunnel  axis  of  symmetry;  the  tunnel  roll  mech¬ 
anism  was  kept  at  zero  pitch  angle,  and  a  variable  prebend  adapter  (±12 
deg  in  2-deg  increments)  was  used  to  set  the  desired  model  angle  of 
attack. 


3.2  DATA  REDUCTION 

Data  reduction  of  the  phosphor  paint  patterns  was  accomplished 
using  a  Datacolor  703- 32®  analyzer.  The  Datacolor  system  uses  a 
black-and-white  television  (TV)  camera  to  produce  a  standard  TV  sig¬ 
nal,  or  image,  of  the  test  picture.  A  digital  video  processor  analyzes 
the  shades  of  gray  in  the  TV  image  and  classifies  them  into  up  to  32 
different  increments  of  shades  of  gray  (ten  increments  were  used  in  the 
present  analysis).  A  different  color  is  assigned  to  each  increment, 
and  the  appropriate  color  TV  signal  for  each  color  is  generated  by  the 
digital  processor.  The  sum  of  these  signals  is  displayed  on  a  color 
monitor  unit.  The  colors  on  the  monitor  correspond  incrementally  to 
the  shades  of  gray  in  the  original  black-and-white  picture.  System 
linearity  was  monitored  by  observing  the  system  output  of  a  continuous 
density  wedge  on  an  oscilloscope. 

The  black-and-white  picture  that  is  analyzed  is  a  composite  of  the 
test  picture  negative  and  a  positive  copy  (with  gamma  =  1.  0)  of  the 
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pretest  picture  negative.  The  superposition  of  these  two  pictures 
yields  the  difference  in  density  between  them.  This  difference  in  film 
density  represents  the  change  in  temperature  between  the  test  condition 
and  the  pretest  condition.  Moreover,  neglecting  the  transient  heating 
that  occurs  during  injection  through  the  tunnel  boundary  layer,  the  con¬ 
tours  of  constant  film  density  (constant  surface  temperature)  denote 
areas  of  constant  aerodynamic  heat-transfer  coefficient. 

The  measured  heat-transfer  rates  and  the  associated  gage- edge 
temperature  were  used  to  compute  the  aerodynamic  heat-transfer  coef¬ 
ficient  at  the  gage  location  by  the  equation 


h  = 


q 

(Taw  "  Tg) 


and  the  local  Stanton  number  was  computed  as 


(1) 


St  = 


h 

PoO^ODCp 


(2) 


where  Tg  was  the  gage- edge  temperature,  q  was  the  heat  gage  heating 
rate,  and  Taw  was  the  adiabatic  recovery  temperature;  Cp  was  taken 
as  0.  248  Btu/lbm-°R.  Experimentally,  since  Taw  could  be  either  the 
laminar  or  turbulent  adiabatic  wall  temperature,  h  and  St  for  both  con¬ 
ditions  were  computed  and  analyzed  for  best  correlation. 


.  Because  grit  roughness  had  been  applied  to  the  models,  the  cor¬ 
relation  was  attempted  first  by  plotting  the  gage  turbulent  Stanton  num¬ 
ber  versus  color.  One  test  without  grit  was  made  with  the  0.  25- scale 
model  at  zero  angle  of  attack;  much- reduced  heat-transfer  rates  were 
observed,  supporting  the  effectiveness  of  the  grit  roughness  in  pro¬ 
ducing  a  turbulent  boundary  layer. 

The  procedure  used  to  obtain  the  relation  between  the  colors  dis¬ 
played  on  the  Datacolor  system  and  the  measured  heat-transfer  coef¬ 
ficients  in  depicted  in  Fig.  7.  This  plot  of  color  versus  Stanton  num¬ 
ber  was  obtained  by  observing  the  location  of  a  particular  gage  in  the 
color  photograph  and  assigning  the  measured  Stanton  number  to  the 
color  at  that  location.  A  fairing  of  these  "data  points,  "  then,  provides 
a  calibration  for  the  color  data.  Thus,  the  Stanton  number  distribution 
over  the  visible  portion  of  the  model  can  be  determined  from  the  colors 
displayed.  Some  caution  should  be  exercised  in  the  extrapolation  of  this 
fairing,  since  several  factors  can  influence  the  relation  between  surface 
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temperature  (color)  and  Stanton  number.  A  calibration  such  as  that 
shown  in  Fig.  7  is  provided  for  each  photograph  because  the  Datacolor 
system  sensitivity  is  adjusted  to  provide  optimum  coverage  of  each 
photograph. 

In  some  cases,  the  Stanton  number  based  on  the  gage  data  did  not 
appear  to  correlate  with  the  color  data  as  well  as  expected.  In  these 
cases  the  temperature- time  history  of  the  surface  thermocouple  lo¬ 
cated  near. the  gage  was  used  with  the  theoretical  solution  to  the  heat 
conduction  equation  for  a  semi- infinite  solid.  This  provided  a  Stanton 
number  independent  of  the  gage  measurement.  Several  of  these  points 
are  shown  in  Fig.  7  and  are  also  presented  in  subsequent  data  figures. 
Almost  without  exception,  the  Stanton  numbers  indicated  from  the  sur¬ 
face  thermocouples  improved  or  substantiated  the  Stanton  number- color 
data  correlation. 


3.3  DATA  PRECISION 

Uncertainites  (bands  which  include  95  percent  of  the  calibration 
data)  in  the  basic  tunnel  parameters,  pQ,  T0,  and  Mm,  were  estimated 
from  repeat  calibrations  of  the  instrumentation  and  from  the  repeat¬ 
ability  and  uniformity  of  the  test  section  flow  during  tunnel  calibrations. 
Using  the  Taylor  series  method  of  error  propagation,  the  authors  then 
used  these  uncertainties  to  estimate  uncertainties  to  estimate  uncer¬ 
tainties  in  other  free- stream  properties,  all  of  which  are  listed  as 
follows: 


Uncertainty  (±),  percent 
Pq  T0  p„  V.  Rejf 
0.5  0.5  0.2  2.0  075  1. 2 

Measurements  of  model  attitude  in  pitch  and  roll  are  precise  within 
±0.  05  and  ±0.  1  deg,  respectively,  based  on  repeat  calibrations  and 
measurements. 

The  estimated  precision  of  the  heat  gage  and  thermocouple  meas¬ 
urements,  as  well  as  the  computed  Stanton  number  and  heat-transfer 
•coefficients,  is  tabulated  below: 
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Parameter  Uncertainty  (±),  percent 

Heat-transfer  rate,  q  8.  0 

Surface  and  gage- edge  temperature  0.  5 

Heat-transfer  coefficient,  h  13.  0 

Stanton  number,  St  13.0 

The  precision  of  the  Datacolor  system  has  been  described  by  its 
manufacturer  as  follows:  The  light  table  to  illuminate  the  test  picture 
has  a  light  intensity  variation  of  less  than  ±5  percent  at  a  light  intensity 
of  more  than  1000  foot-candles,  the  video  signal  from  the  TV  camera 
is  converted  to  a  true  logarithmic  density  scale  over  the  range  from 
0  to  2  within  ±3  percent  of  full  scale,  and  the  color  shading  on  the  color 
monitor  corresponds  to  a  density  change  of  less  than  0.  05  (change  in 
light  transmission  of  10  percent)  over  the  center  area  of  the  picture 
within  a  circle  whose  diameter  is  0.  8  of  the  picture  height.  On  the 
average,  the  density  range  of  all  the  superimposed  test  pictures  was 
0.  75,  so  the  square  root  of  the  sum- of-the- squares  summation  of 
all  these  contributing  errors,  along  with  the  8-percent  uncertainty  of 
the  measured  Stanton  number,  yields  an  estimated  uncertainty  for  the 
color- indicated  Stanton  number  to  be  ±17  percent. 

To  check  how  realistic  this  estimate  is,  a  random  sampling  (117 
points)  of  the  data  was  made  comparing  the  Stanton  number  based  on  a 
measured  heat-transfer  rate  and  the  Stanton  number  indicated  by  the 
color  photographs.  The  results  are  shown  in  Fig.  8.  Figure  8a  shows 
the  ratio  of  gage-measured  Stanton  number  to  color  Stanton  number 
versus  color  Stanton  number,  and  Fig.  8b  is  a  normal  distribution 
curve  of  the  frequency  of  ratios  occuring  within  a  0.  04  band  width 
plotted  against  the  Stanton  number  ratio.  The  mean  of  the  sampling 
was  determined  to  be  1.  018,  or  1.  8  percent  above  exact  agreement, 
and  the  standard  deviation  of  this  distribution  was  computed  to  be  0.101, 
which  means  that  on  a  probability  basis  68  percent  of  all  the  data  were 
within  ±10  percent  of  exact  agreement.  Two  standard  deviations  (±20 
percent)  would  include  95  percent  of  the  data. 


SECTION  IV 

RESULTS  AND  DISCUSSION 


Although  good  correlation  between  the  color- indicated  Stanton  num¬ 
bers  and  those  from  the  Gardon  gages  or  surface  thermocouples  has 
been  demonstrated  (Fig.  8),  the  validity  of  these  data  remains  to  be 
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established  in  relation  to  either  other  measurements  or  theoretical 
calculations.  No  other  heat-transfer  measurements  are  known  to  be 
available  for  this  configuration;  hence,  only  theoretical  calculations 
can  be  used  in  the  validation. 

A  comparison  of  the  measured  Stanton  numbers  with  the  distribu¬ 
tion  computed  for  the  HAST  0.  25- scale  model  using  the  theory  devel¬ 
oped  in  Ref.  8  is  presented  in  Fig.  9  for  the  zero  angle-of- attack  case. 

In  general,  the  trend  of  the  measured  data  agrees  very  well  with  the 
theoretical  distribution,  and  to  this  extent  the  measurements  are  con¬ 
sidered  validated.  The  indicated  30-percent  difference  between  a  fair¬ 
ing  of  the  measurements  and  the  theoretical  distribution  is  thought  to 
be  caused  by  the  fact  that  the  model  wall  temperature  was  within  10  per¬ 
cent  of  the  estimated  adiabatic  wall  temperature,  so  that  small  differ¬ 
ences  between  the  computed  and  actual  boundary- layer  temperature  pro¬ 
files  could  be  magnified  significantly  in  terms  of  heat-transfer  rates. 
Moreover,  a  2-percent  increase  in  the  estimated  adiabatic  wall  tempera¬ 
ture  would  result  in  a  21 -percent  reduction  in  the  measured  Stanton  number. 

The  measurements  for  the  0.  5- scale  model  shown  in  Fig.  9  have 
been  increased  by  the  factor  1.  15  for  comparison  with  the  results  for 
the  0.  25- scale  model.  This  factor  was  determined  by  considering  the 
two-fold  increase  of  the  local  Reynolds  number  for  the  0.  5- scale  model. 
This  difference,  incorporated  into  the  classical  turbulent  skin-friction 
variation  with  Reynolds  number,  would  suggest  a  (2)^*  ^  =  1.  15  differ¬ 
ence  in  skin  friction  and,  through  Reynolds  analogy,  in  heat-transfer 
rate  for  the  two  models.  The  good  agreement  obtained  appears  to  con¬ 
firm  this  consideration. 

Also  shown  in  Fig.  9  are  the  Stanton  numbers  obtained  from  the 
surface  thermocouple/ semi- infinite  slab  theory  technique  to  illustrate 
the  good  agreement  with  the  Gardon  gages.  Because  in  some  positions 
the  Gardon  gages  were  inoperative,  the  only  measurements  available 
were  those  from  the  thermocouples. 

Because  of  the  radomes  and  other  protuberances  on  the  models, 
only  those  measurements  least  likely  to  have  interference  effects  were 
used  for  the  comparison  in  Fig.  9.  The  gages  along  the  meridian  45 
deg  from  the  model  top  (see  Fig.  10)  were  selected.  In  Fig.  9,  all  the 
measurements  from  these  gages  appear  to  be  fairly  interference-free 
except  those  at  STA  24.  25.  Figure  10  presents  a  photograph  of  the 
heating  patterns  on  the  0.  25- scale  model  top  surfaces,  and  examination 
of  the  patterns  around  gages  64  (STA  24.  25)  and  84  (STA  32.50)  shows  a 
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shock  impingement  pattern  close  to  each  gage.  It  appears  that  the 
shock  impingement  crossed  over  gage  64,  causing  the  noticeable  in¬ 
crease  of  the  Stanton  number  shown  at  that  location,  whereas  the  one 
around  gage  84  appears  to  be  more  diffuse  and  crossed  behind  the  gage, 
thus  having  little  or  no  effect  on  the  measurement. 

An  illustration  of  the  application  of  the  Datacolor  analysis  technique 
is  next  considered  to  show  its  capabilities.  Presented  in  Fig.  11  is  a 
phosphor  data  photograph  of  the  model  in  the  attitude  selected  for  anal¬ 
ysis.  Also  shown  in  Fig.  11  is  the  meridan  along  which  the  Stanton 
number  distribution  was  evaluated.  This  meridian  was  chosen  to  pro¬ 
vide  comparisons  with  the  largest  possible  number  of  gage  measure¬ 
ments. 

Photographs  of  the  Datacolor  system  rendition  of  the  pictures 
shown  in  Fig.  11  are  presented  in  Figs.  12a  and  b  for  the  model  front 
and  rear  halves,  respectively.  These  photographs  clearly  illustrate 
the  basic  advantages  of  the  Datacolor  analysis,  which  are  the  vivid  con¬ 
touring  and  quantification  of  the  heating  patterns.  The  peak  heating 
regions  caused  by  shock  interaction  in  the  canard  area  are  readily 
identified  by  the  yellow  and  light-blue  areas.  Note  that  color  identifi¬ 
cation  bars  are  included  with  each  photograph  to  ensure  accurate  corre¬ 
lation  of  colors  and  heating  rates.  Some  difficulty  in  identifying  model 
geometric  details  in  the  color  photograph  is  normally  experienced,  and 
correlation  with  the  black-and-white  photograph  (Fig.  11)  is  generally 
required  for  orientation.  High  heating  rates  (light  green-green)  are  also 
observed  on  the  aft  portion  of  the  vehicle  (Fig.  12b),  on  the  fin  leading 
edges,  and  on  the  antenna  dome  located  at  the  center  of  the  fin.  The 
location  of  the  meridian  selected  for  analysis  in  Fig.  11  may  be  deter¬ 
mined  from  the  gages  (shown  as  black  spots).  Some  areas  in  the  photo¬ 
graphs  are  excluded  from  the  analysis  because  of  marginal  lighting  on 
the  model  nose  and  conduction  effects  on  the  thin  sections  of  the  canards 
and  the  flow-through  turbine  inlet. 

The  technique  for  determining  the  Stanton  number  distribution  along 
the  selected  meridian  was  to  note  the  points  on  the  meridian  where  color 
changes  occurred.  At  these  points  the  Stanton  number  was  determined 
from  the  calibration  curve  (similar  to  the  one  shown  in  Fig.  7),  and  the 
locations  were  measured  from  a  known  position.  Shown  in  Fig.  13  is  the 
plot  of  Stanton  number  versus  model  axial  station  for  the  selected  merid¬ 
ian  (see  Fig.  11)  with  the  noted  color-change  points  indicated.  Also, 
the  range  of  Stanton  number  for  each  color  is  shown  along  the  dividing 
line  between  the  two  pictures.  The  distribution  was  obtained  by  fairing 
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these  points;  the  relative  maximums  and  minimums  shown  were  ob¬ 
tained  from  consideration  of  the  largest  and  smallest  value  of  Stanton 
number  corresponding  to  a  particular  color.  For  example,  the  green 
streak  which  occurs  downstream  of  gage  42  (the  third  one  back  from  the 
model  nose)  in  Fig.  12a  may  have  a  maximum  heating  rate  less  than  the 
value  indicated  at  axial  STA  14.  0,  which  corresponds  to  the  maximum 
value  for  the  green  color;  but  to  avoid  underestimating  the  actual  value, 
the  maximum  is  shown. 

The  peaks  shown  at  STA  26.  8,  28.  4,  and  34.  7  in  Fig.  13  can  be 
clearly  seen  in  Fig.  11  (points  1,  2,  and  3)  and  in  Fig.  12b  by  close 
inspection.  The  magnitude  of  the  peaks  was  determined  by  the  maxi¬ 
mum  value  for  the  prepresented  color.  Generally,  the  gage  measure¬ 
ments  indicate  good  agreement  with  the  distribution,  and,  where  pos¬ 
sible,  good  agreement  is  obtained  between  the  gage  and  surface  thermo¬ 
couple  measurements.  Exception  to  this  are  shown  at  STA  24  and  32.5. 
Again  referring  to  Fig.  11,  a  hot  streak  that  is  clearly  visible  upstream 
appears  to  be  directed  toward  gage  62  (STA  24.  25),  thereby  possibly 
causing  the  higher  heating  rates  observed  at  that  station.  The  differ¬ 
ence  between  the  two  measurements  at  STA  32.  5  is  clearly  a  case  of  a 
shock  impingement  crossing  the  thermocouple  but  missing  the  gage,  as 
can  readily  be  seen  in  Fig.  11. 

The  primary  test  objective  of  locating  the  areas  of  most  intense 
interference  heating  was  readily  accomplished  by  observation  of  the 
models  during  the  test.  Presented  in  Fig.  14  are  photographs  that 
show  the  areas  of  maximum  interference  heating  that  were  observed 
on  the  0.  5 -scale  model  at  three  typical  angles  of  attack.  Heating 
around  the  launch  pins  on  the  0.  25- scale  model  (see  Fig.  10)  appeared 
just  as  intense,  but  over  a  much- reduced  area.  Shown  also  in  Fig.  14 
are  the  selected  meridians  along  which  the  Stanton  number  distributions 
are  to  be  determined.  These  meridians  are  located  with  respect  to  the 
bottom  line  of  symmetry  at  15  and  45  deg. 

Shown  in  Fig.  15  is  a  photograph  of  the  Datacolor  results  for  the 
zero  angle- of- attack  case.  Below  the  pitot  probe  in  this  photograph, 
the  light-blue  area  encircled  by  light  green  indicates  the  increased 
heating  caused  by  shock  interaction  between  the  probe  and  forebody 
rib.  Displayed  in  yellow,  the  high  heating  area  between  the  probe  and 
antenna  dome  is  very  distinct.  The  narrow  color  bands  just  ahead  of 
this  region  denote  the  high  temperature  gradient  associated  with  this 
area.  The  aforementioned  regions  (on  either  side  of  the  pitot  probe) 
were  observed  to  have  the  most  pronounced  interference  heating. 
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Because  of  a  slight  overexposure  of  the  tare  picture,  a  shadow  of  the 
pitot  probe  is  apparent  in  the  lavender  color  region.  When  these  re¬ 
sults  were  plotted,  this  effect  was  compenstaed  for  by  shifting  the  indi¬ 
cated  color- change  points  down  a  half  color  on  the  calibration  curve  in 
determining  the  Stanton  number  distribution  through  the  shadowed  re¬ 
gion  between  the  pitot  probe  and  the  antenna  dome.  It  was  not  necessary 
to  shift  the  color-change  points  in  other  areas. 

Presented  in  Fig.  16  are  the  Stanton  number  distributions  deter¬ 
mined  by  the  Datacolor  technique  for  the  45-  and  15- deg  meridians 
noted  earlier.  Comparing  Figs.  16a  and  b  reveals  that  the  most  in¬ 
tense  interference  heating  occurred  at  zero  angle  of  attack  in  the  re¬ 
gion  between  the  pitot  probe  and  the  antenna  dome  (Fig.  16a,  STA  18). 
The  magnitude  of  the  increased  heating  rate  in  this  region  was  about 
3.  0  times  the  undisturbed  heating  rate  presented  in  Fig.  9.  The  peak 
in  this  interference  region  decreased  significantly  with  angle  of  attack 
as  indicated  by  the  8-  and  12- deg  distributions.  The  4- deg  results  have 
been  omitted  for  clarity  because  the  distribution  in  the  peak  heating  re¬ 
gion  was  almost  identical  to  that  for  the  8-deg  case.  The  peak  heating 
along  the  15- deg  meridian  (Fig.  16b)  apparently  caused  by  the  inter¬ 
action  between  the  shock  off  of  the  pitot  probe  with  that  of  the  forebody 
rib  changed  very  little  with  angle  of  attack.  It  should  be  noted,  how¬ 
ever,  that  the  breadth  of  its  influence  widened  with  increased  angle  of 
attack. 


SECTION  V 
CONCLUSIONS 


Heat-transfer  tests  were  made  on  the  High  Altitude  Supersonic 
Target  (HAST)  missile  at  Mach  number  4  and  a  Reynolds  number, 
based  on  model  length,  of  21  x  10®.  W'ithin  the  limits  of  the  test  scope, 
the  significant  results  were  as  follows: 

1.  The  areas  of  most  pronounced  interference  heating  oc¬ 
curred  between  the  pitot  probe  and  the  nearest  antenna 
dome,  and  the  greatest  shock  interaction  occurred  be¬ 
tween  the  probe  and  the  forebody  rib.  While  the  magni¬ 
tude  of  the  heating  in  the  former  area  decreased  notice¬ 
ably  with  increased  angle  of  attack,  the  magnitude  of 
the  heating  around  the  forebody  rib  remained  essenti¬ 
ally  constant,  and  its  area  of  influence  was  spread  with 
increased  angle  of  attack. 


13 


AE  DC-TR-73-20 


2.  The  maximum  increase  in  heating  attributable  to  shock 
interference  was  observed  at  the  zero  angle-of-attack 
case  and  was  about  three  times  the  noninterference 
level. 

3.  The  Datacolor  analysis  of  the  thermographic  phosphor 
data  provided  vivid  contouring  and  quantification  of  the 
model  heating  rates. 
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Fig.  2  0.5-Scale  HAST  Model 
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a.  0.25-Scale  Model  Dimensions 
Fig.  3  0.25-Scale  Model  Dimensions  and  Heat  Gage  Locations 
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b.  Details  of  0,25-Scale  Model  Appendages 
Fig.  3  Continued 
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b.  Continued 
Fig.  3  Continued 
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b.  Continued 
Fig.  3  Continued 
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b.  Concluded 
Fig.  3  Continued 
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c.  0,25-Scale  Model  Heat  Gage  Locations 
Fig.  3  Concluded 
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a.  0.5-Scale  Model  Dimensions 
Fig.  4  0.5-Scale  Model  Dimensions  and  Heat  Gage  Locations 
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b.  0.5-Scale  Model  Canard  Dimensions 
Fig.  4  Continued 
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c.  0.5-Scale  Model  Heat  Gage  Locations 
Fig.  4  Concluded 
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Fig.  5  Variation  of  Phosphor  Brightness  with  Temperature  for  U.  S.  Radium 
Radelin®  #1807  Phosphor 
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Thermocouple  Junction 
Flush  with  Model  Surface 
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Measurements  Thermocouple 

in  Inches  Leads 

Fig.  6  Sketch  of  Gardon  Gage  and  Surface  Thermocouple  Model  Installation 
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Datacolor  System  Color  Shown  on  Photographs 


Fig.  7  Calibration  Curve  for  Camera  1,  0.5-Scale  Model,  5C  =  5  deg,  a  =  0,  Showing  How 
Data  Color  Is  Related  to  Measured  Stanton  Number 
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Fig.  8  Comparisons  of  Measured  and  Color- Indicated  Stanton  Numbers  for 
Randomly  Selected  Data 
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Fig.  9  Comparison  of  a  Theoretical  Calculation  for  Stanton  Number  Distribution  with  Measurements, 
6C  =  15  deg,  a  =  O,  Re£  «  21  x  106,  M„  =  4.03 
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Shadow  Caused  by  Tunnel  Window  Rib, 
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Fig.  10  Top  View  of  0.25-Scale  Model  Showing  Heating  Patterns,  5C  =  15  deg,  a  =  0, 
Reg  «  21  x  1 06 ,  =  4.03 
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Camera  1 


Camera  2 


Fig.  11  Bottom-Side  View  of  0.25-Scale  Model  Showing  Heating  Patterns,  6C  =  15  deg, 
a  =  4  deg,  Re£  ~  21  x  106,  M.  =  4.03 
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a.  Camera  1 -0.25-Scale  Model,  Front  Half 

Fig.  12  Photograph  of  Datacolor  Analysis  of  Phosphor  Brightness  Variations  Using  Ten  Color 
Increments,  5C  =  15  deg,  a  =  4  deg,  Reg  ~  21  x  106,  M„  =  4.03 
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b.  Camera  2—0.25-Scale  Model,  Rear  Half 
Fig.  12  Concluded 


Camera  1  Dividing  Line  Camera  2 


Fig.  13  Stanton  Number  Distribution  Along  a  Line  on  Model  Left  Side  60  deg  from  Most  Windward 
Streamline  on  0.25-Scale  Model,  8C  =  15  deg,  a  =  4  deg,  Reg  **  21  x  106,  M„  =  4.03 
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Fig.  14  Photographs  of  the  0.5-Scale  Model  at  Several  Angles  of  Attack 
Showing  the  Regions  of  Most  Intense  Interference  Heating, 

Reg  »  21  x  106,  M„  =  4.03 
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St  x  103 


Fig.  15  Photograph  of  Datacolor  Analysis  of  Phosphor  Brightness  Variations  Using  Ten  Color  Increments, 
5C  =  5  deg,  a  =  0,  Reg  ~  21  x  106,  M„  =  4.03 
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a.  45-deg  Meridian 

Fig.  16  Stanton  Number  Distributions  Along  Two  Meridians  of  the  0.5-Scale  Model  Showing 
Variations  in  Heating  Rate  with  Angle  of  Attack,  Reg  ~  21  x  106,  Mm  =  4.03 
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Axial  Station,  in. 

b.  15-deg  Meridian 
Fig.  16  Concluded 
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TABLE  I 

TEST  SUMMARY 

=  4.  03  pQ  =  73  psia 
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Grit  roughness  was  applied  on  models  as  follows: 

0.5  Scale:  Carborundum®  #54  1.5  in.  from  nose 

*Carborundum  #60  1.5  in.  from  nose 

0.  25  Scale:  #40,  0.  5  in.  from  nose  and  #46,  0.  5  in.  from  upper 

and  lower  right  wing  leading  edge 

**#46  on  nose  and  #54  on  wing  surface 

***Nose  trips  removed 
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